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Hypertonic activation of the renal betaine/GABA transporter structural polarity because typically their minus ends re-
is microtubule dependent. main bound in a perinuclear centrosome near the center
Background. Epithelial cells in the renal inner medulla accu- of the cell, while their plus ends are free and extend towardmulate osmolytes such as betaine to maintain normal cell volume
the cell periphery. The total surface area of the microtu-during prolonged extracellular hypertonic stress. Betaine accu-
bules within a cell may be equivalent to the surface areamulation is the result of activation of transcription of the BGT1
transporter gene followed by increased betaine transport. of the plasma membrane, and it provides an enormous
Methods. We studied the possible role of microtubules in area for protein–protein interactions [1]. Microtubule-
this adaptive mechanism using renal cells in culture. associated proteins serve both to stabilize microtubulesResults. In cultured renal cell lines [Madin-Darby canine
against disassembly and to mediate their interaction withkidney (MDCK) and mouse inner medullary collecting duct
other cell components. Some proteins are microtubule(mIMCD-3)], up-regulation of BGT1 activity was maximal after
24 to 30 hours in growth medium made hypertonic (510 mOsm/kg) motors that use the energy of adenosine 59-triphosphate
by the addition of sucrose or NaCl. Up-regulation was reversed (ATP) hydrolysis to move along microtubules. Specific
within 24 to 36 hours after returning cells to isotonic medium. examples of motor molecules are the kinesins and cyto-Both cycloheximide (20 mmol/L) and nocodazole (20 mmol/L)
plasmic dyneins, which move toward the plus and minusblocked the hypertonic up-regulation of BGT1. Nocodazole
ends, respectively, and provide a system for directionalwas partially effective even when added 16 to 20 hours after
the switch to hypertonic medium. Recovery from nocodazole flow of organelles, vesicles, and other cargo proteins
action was rapid, and there was full activation of BGT1 trans- within the cytoplasm [1–3].
port within three to six hours after nocodazole removal, sug- In a wide variety of cells, an intact microtubule net-gesting rapid trafficking to the cell surface once microtubules
work is essential for insertion of transport proteins andrepolymerized. Hypertonic activation of BGT1 transport was
receptors into the plasma membrane in response to spe-detected in an isolated membrane fraction and was blocked
by cycloheximide but not by nocodazole. Confocal microscopy cific stimuli. The cAMP-mediated translocation of the
confirmed the increased abundance of BGT1 proteins in the bile acid transporter in liver cells [4], the carbachol stimu-
plasma membrane of hypertonic cells and showed that BGT1 lation of GLUT1 activity in glioma cells [5], the hypertonic
remained intracellular during nocodazole treatment.
up-regulation of system A amino acid transport in smoothConclusions. Hypertonic activation of BGT1 in renal cells
muscle cells [6], and the insulin-stimulated translocationrequires de novo protein synthesis and microtubule-dependent
trafficking of additional transporters to the cell surface. The of the oligopeptide transporter in intestinal cells [7] are
apparent resistance of membrane BGT1 to nocodazole block- specific examples. Similarly, in renal cells, the disruption
ade is likely due to the presence in the membrane fraction of of microtubules impaired the acute up-regulation of type
an increased intracellular pool of active BGT1 transporters. IIa Na/Pi cotransporter abundance [8] and the apical
targeting of the A1 adenosine receptor [9] and several
transport proteins [10].
In nonmotile tissue cells, microtubules fill the cyto- Cells of the mammalian nephron that are located in
plasm and usually occupy the space between the nucleus the renal medulla face prolonged osmotic stress caused
and the plasma membrane. Microtubules have an inherent by the hypertonic environment required for the concen-
trating function of the kidney. They survive and maintain
a normal cell volume by accumulating osmolytes suchKey words: cyloheximide, colchicine, nocodazole, BGT1 transport,
MDCK cells, mIMCD-3 cells, plasma membrane, confocal imaging. as sorbitol, myo-inositol, and betaine [11, 12]. Accumu-
lation of betaine occurs by increased uptake of extracel-Received for publication June 16, 2000
lular betaine, a process mediated by the Na1- and Cl2-and in revised form December 7, 2000
Accepted for publication December 26, 2000 dependent betaine/GABA transporter (BGT1) located
primarily in the basolateral plasma membrane [11–13].Ó 2001 by the International Society of Nephrology
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The BGT1 clones from MDCK cells and human kidney MDCK and mIMCD-3 cells. The uptake values were
corrected for surface binding and trapping of solute byencode a protein of 614 amino acids that transports both
betaine and GABA and belongs to the gene family of subtraction of blank values.
Madin-Darby canine kidney membrane fractions wereneurotransmitter transporters [14, 15]. The presence of
sorting signals and basolateral retention motifs have re- prepared by using nitrogen cavitation to disrupt cells fol-
lowed by differential centrifugation to recover mem-cently been identified in the cytosolic C-terminal tail of
BGT1 [16, 17]. The 59 flanking region of the BGT1 gene branes, as described previously for MDCK and endo-
thelial cells [22, 25]. Cells were collected by scrapingcontains two tonicity-responsive enhancers (TonE1 and
TonE2) that mediate increased transcription of BGT1 in in Tris-buffered saline (pH 7.4) that was either isotonic
or hypertonic, as appropriate. After two saline washes,response to prolonged hypertonic stress in both Madin-
Darby canine kidney (MDCK) cells and in mouse kidney the cells were quickly suspended in 300 mmol/L manni-
tol, 5 mmol/L egtazic acid (EGTA), 0.2 mmol/L pheny-in vivo [18–20]. This leads to a 15- to 20-fold increase in
the abundance of BGT1-specific mRNA in MDCK cells methylsulfonyl fluoride, and 12 mmol/L Tris-HCl (pH 7.1),
which was diluted 1:1 with water followed immediately[21]. Since this step is likely followed by increased synthe-
sis of BGT1 transporter proteins, we studied the possible by cavitation. The final membrane pellet was resuspended
in 300 mmol/L mannitol, 12 mmol/L Tris-HCl (pH 7.4)role of microtubules in the up-regulation of BGT1 trans-
port in renal cells. at a protein concentration of 5 mg/mL. BGT1 transport
activity in isolated membranes was determined by the
rapid filtration procedure [22, 25]. The medium for up-
METHODS
take contained 100 mmol/L NaCl, 100 mmol/L mannitol,
Canine MDCK cells (CCL-34) and mouse inner med- 10 mmol/L Tris (pH 7.4 with HEPES), 0.05 mmol/L
ullary collecting duct (mIMCD-3) cells (CRL-2123; Amer- [3H]GABA, and 0.05 mg membrane protein. When char-
ican Type Culture Collection, Rockville, MD, USA) acterizing the ion dependency of GABA uptake, either
were used between passages 15 and 30. They were plated KCl or sodium isethionate (100 mmol/L) was included
in 35 mm plastic dishes (2.5 3 106 cells/dish) for cell instead of NaCl.
uptake studies and in 75 cm2 flasks (4 3 106 cells/flask) Tubulin was extracted from cell monolayers using
for membrane transport studies. The growth medium microtubule-stabilizing buffer, as described elsewhere
was a 1:1 mixture of Dulbecco’s modified Eagle’s me- [26]. Cells in a T-75 flask were washed twice in phos-
dium (DMEM) and Ham’s F-12K containing 10% bovine phate-buffered saline (PBS) and incubated for 15 min-
calf serum, 10 mmol/L HEPES, 25 mmol/L NaHCO3 utes at 378C in 5 mL buffer containing 0.1% Triton
(pH 7.4), and penicillin G (100 U/mL), as in previous X-100, 2.0 mol/L glycerol, 1 mmol/L MgSO4, 1 mmol/L
studies [22, 23]. Cultures were maintained at 378C in ethylenediaminetetraacetic acid (EDTA), 0.1 mol/L
an atmosphere of 5% CO2 in air and were used when Pipes, pH 6.75. The buffer and cell residue were collected
confluent. The osmolality of the growth medium was 285 by scraping, and the suspension was centrifuged at
mOsm/kg as determined by freezing point depression in 48,000 3 g for 10 minutes to separate the Triton-soluble
an osmometer. Hypertonic growth medium was made by fraction from the Triton-insoluble residue.
addition of either sucrose (MDCK) or NaCl (mIMCD-3) Protein samples for sodium dodecyl sulfate-polyacryl-
to achieve a final osmolality of 510 mOsm/kg. Colchicine, amide gel electrophoresis (SDS-PAGE) were heated for
nocodazole, and cycloheximide were added to the re- three minutes at 958C in (final concentrations) 2% SDS,
quired concentration from 5 mmol/L stock solutions in 10% glycerol, 100 mmol/L dithiothreitol, 1 mmol/L EDTA,
dimethyl sulfoxide stored at 2208C. De novo protein 100 mmol/L Tris, pH 6.8. Equal amounts of different
synthesis in cell monolayers was assessed as [3H]leucine protein samples were loaded (20 mg/lane) and separated
incorporation that resisted extraction by 5% trichloro- on a 10% polyacrylamide gel at 10 mA for two hours
acetic acid, as described previously [24]. and electrotransferred to nitrocellulose paper at 80 mA
Since the BGT1 transporter accepts both betaine and overnight using the BioRad minigel system, as in previ-
g-aminobutyric acid (GABA) as substrates [14], BGT1 ous studies [27]. After blocking with saline containing
transport activity in cell monolayers was determined as 10 mmol/L Tris (pH 7.6), 0.05% Tween-20, and 5% Car-
Na1- and Cl2-dependent [3H]GABA uptake as described nation milk powder, Western blots were performed with a
previously [22]. The final concentration of GABA in the mouse monoclonal antibody against rat b-tubulin (Sigma,
uptake solution was 0.01 mmol/L. Control cells main- St. Louis, MO, USA) at a 1:5000 dilution. Binding of
tained in isotonic growth medium were processed in par- the primary antibody was visualized using goat anti-
allel with the cells in hypertonic medium, using isotonic mouse IgG (1:5000) conjugated to horseradish peroxi-
or hypertonic uptake and wash solutions as appropriate dase as secondary antibody and enhanced chemilumines-
[22, 23]. All uptakes were determined at a ten-minute in- cence (ECL; Amersham, Arlington Heights, IL, USA)
detection reagents.cubation time, which lies within the linear range for both
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Immunofluorescence studies were performed on MDCK
cell monolayers grown on glass coverslips. Hypertonic
growth medium (containing either 20 mmol/L nocoda-
zole or vehicle) was added 48 hours after plating when
the cells were still subconfluent. In these studies, the os-
molality of the hypertonic medium was reduced to
450 mOsm/kg [22] to minimize cell detachment during
subsequent fixation and immunostaining. After 24 hours
of hypertonicity, the cells were washed twice in ice-cold
Tris-buffered saline (TBS; 150 mmol/L NaCl, 50 mmol/L
Tris-HCl, pH 7.6) containing sucrose to maintain the
osmolality at 450 mOsm/kg. The washed cells were fixed
by immersion for 10 minutes at room temperature in
100% methanol previously chilled to 2208C [16]. Cells
maintained in isotonic media throughout were processed
in the same way. A 30-minute preincubation in 2% gela-
tin in TBS was followed by a two-hour incubation with
affinity-purified anti-dog BGT1 antibody [16, 17] diluted
1:100 in 1% gelatin/TBS. The primary antibody was
detected by a 60-minute incubation in affinity-purified
FITC-conjugated goat anti-rabbit IgG (Jackson Immuno-
Research, West Grove, PA, USA), at a 1:100 dilution in
1% gelatin/TBS. All incubations were at 378C. In control
incubations, either the primary or secondary antibody was
omitted. Cells were mounted in mowiol solution (9%
wt/wt mowiol 4-88, 24% wt/wt glycerol, 90 mmol/L Tris-
HCl, pH 8.5). Fluorescence images were acquired with Fig. 1. Hypertonic up-regulation and recovery of BGT1 transport in
mIMCD-3 cell monolayers. Na1/Cl2-dependent [3H]GABA uptake wasa Zeiss LSM 510 confocal microscope using a water im-
measured at various times, and data are mean values of two experiments.mersion 340 lens with 1.2 numerical aperture and 220 (A) Cells grown in isotonic medium for three days were switched to
either fresh isotonic (s; Iso, 285 mOsm) or hypertonic (d; Hyp,mm working distance. The excitation wavelength was 488
510 mOsm) at time zero. (B) Following exposure to hypertonic mediumnm, and emission was collected at 505 to 520 nm. The
for 30 hours, hypertonic cells were returned to isotonic conditions at
optical section thickness was 1 mm, and the instrument time zero. Iso cells were maintained in isotonic medium throughout.
gain and offset were the same for all samples.
Na,K-ATPase, alkaline phosphatase, and protein were
determined by colorimetric assays as previously [22].
of BGT1 in mIMCD-3 cells was similar to that previouslya-Mannosidase II activity was determined at 378C using
reported for MDCK cells [21, 22].5 mmol/L p-nitrophenyl a-D-mannopyranoside as sub-
Hypertonic up-regulation of BGT1 in mIMCD-3 cellsstrate in 50 mmol/L MES buffer (pH 6.0) containing
was sensitive to blockade by cycloheximide, as expected.
0.5 mmol/L EDTA to inhibit mannosidase I [28, 29]. All
Cells were pretreated for two hours with 20 mmol/L cyclo-
experiments were analyzed in triplicate and repeated at heximide prior to switching to hypertonic medium. The
least three times. Control cells and hypertonic cells were hypertonic medium also contained cycloheximide but at
always compared within the same experiment, and re- a lower concentration. The combination of 20 mmol/L pre-
sults were analyzed with the Student t-test. Differences treatment and a 1 mmol/L sustaining dose for 24 hours
were considered significant at P , 0.05. produced complete blockade (Fig. 2). This action of
cycloheximide correlated directly with its effectiveness in
blocking [3H]-leucine incorporation into acid-insoluble
RESULTS protein, a measure of de novo protein synthesis. A 35%
Hypertonic up-regulation of BGT1 transport in reduction in leucine incorporation was accomplished
mIMCD-3 cells reached a peak after 30 hours and was by the 20 mmol/L pretreatment alone, 60% by the 20/
reversed after returning the cells to isotonic medium. 0.2 mmol/L combination, and 80% by the 20/1.0 mmol/L
Recovery was complete within 36 hours (Fig. 1). Al- combination.
Inclusion of colchicine in the hypertonic mediumthough slower to up-regulate and recover, this response
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Fig. 3. Dose-dependent inhibition of hypertonic up-regulation of
BGT1 transport by colchicine. mIMCD-3 cells were incubated for
Fig. 2. Blockade of hypertonic up-regulation of BGT1 transport in 24 hours in hypertonic medium containing colchicine at concentrations
mIMCD-3 cells by cycloheximide (CHX). Cell monolayers were incu- in the range of 0 to 30 mmol/L. Data are expressed as percentage of
bated for two hours in isotonic medium containing 20 mmol/L CHX and the Na1/Cl2-dependent GABA uptake determined in the absence of
then transferred to isotonic (I) or hypertonic (H) medium containing 0, colchicine because of variations in absolute values. Each point is mean 6
0.2, or 1.0 mmol/L CHX for 24 hours. Data for Na1/Cl2-dependent SE from three experiments.
GABA uptake are mean 6 SE from three experiments. *Significantly
different (P , 0.05) compared with uptake in isotonic controls.
produced a dose-dependent inhibition of BGT1 up-
regulation. Maximum inhibition (50%) was achieved at
10 mmol/L, and higher doses (30 mmol/L) had no addi-
tional effect (Fig. 3). Nocodazole treatment had a similar
effect but was much more effective. Doses in the range
20 to 30 mmol/L completely prevented up-regulation
(Fig. 4) and maintained BGT1 activity at the level of
isotonic controls (data not shown). The concentrations
of colchicine and nocodazole that blocked BGT1 up-
regulation were within the range shown previously to be
effective in disrupting microtubules in cultured renal
cells [26, 30]. For nocodazole, this was checked directly
using MDCK cells. BGT1 activity was 40 6 10 pmol
GABA/mg/10 min in isotonic control MDCK cells com-
pared with 288 6 50 pmol/mg/10 min (P , 0.01) after
24 hours of hypertonicity. Inclusion of 20 mmol/L noco-
dazole in the hypertonic medium reduced BGT1 activity
to 97 6 31 pmol/mg/10 min (mean 6 SE, N 5 3), a
level not significantly different from isotonic controls.
Western blots of Triton extracts of MDCK cells revealed
that the Triton-insoluble tubulin fraction, representing
intact microtubules [26], was eliminated almost com-
pletely within two hours after the addition of 20 mmol/L
Fig. 4. Dose-dependent inhibition of hypertonic up-regulation ofnocodazole. This effect persisted as long as nocodazole
BGT1 transport by nocodazole. mIMCD-3 cells were incubated for
was present for up to 24 hours (Fig. 5). A corresponding 24 hours in hypertonic medium containing nocodazole in the range of
0 to 50 mmol/L. Each data point is mean 6 SE from three experiments.increase in the Triton-soluble tubulin fractions was not
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Fig. 5. Western blot showing nocodazole action on b-tubulin distribu-
tion in MDCK cells. The cell monolayers were incubated in isotonic
medium in the absence (C) or presence (NZ) of 20 mmol/L nocodazole
for either 2 or 24 hours prior to lysis in Triton buffer, as described in
the Methods section. Rat brain supernatant was run on the gel as a
positive control.
Fig. 7. Hypertonic up-regulation of BGT1 transport recovered rapidly
after nocodazole (NZ) blockade was removed. MDCK cell monolayers
were incubated in isotonic (Iso) or hypertonic (Hyp) growth medium
in the absence or presence of 20 mmol/L NZ. After 24 hours, all cells
were rapidly washed and transferred to NZ-free hypertonic medium
(time zero). Up-regulation of Na1/Cl2-dependent GABA transport was
monitored in each group for a further 24 hours. Data are mean 6 SE
from three experiments. *Uptake was significantly different (P , 0.05)
from 24-hour uptake in the same group.
tent with rapid nocodazole action to depolymerize micro-
tubules and, presumably, disrupt trafficking of newly syn-
thesized BGT1 proteins to the cell surface. Delayed
addition of nocodazole is effective because hypertonic
up-regulation of BGT1 in MDCK cells is not maximal
Fig. 6. Delayed addition of nocodazole (NZ; 20 mmol/L) produced
until 24 hours [13, 21, 22].partial blockade of hypertonic up-regulation. MDCK cells were
switched to hypertonic (Hyp) medium at time zero, and NZ was added Since microtubules repolymerize rapidly (within 10
either at the same time or later. The delay in NZ addition ranged from minutes) after the removal of nocodazole [31], we next
0 to 20 hours. Na1/Cl2-dependent GABA uptake is expressed as the
determined whether cells previously treated with noco-percentage of uptake in cells incubated for 24 hours in Hyp medium
in the absence of NZ. Data are mean 6 SE from three experiments. dazole during exposure to hypertonic stress would ex-
hibit a more rapid hypertonic up-regulation of BGT1
once the drug was removed. The rationale was that syn-
thesis of additional BGT1 transporters would alreadydetected, presumably because the size of this pool is
have occurred, but they would remain trapped in an intra-relatively large. These findings indicate that there was
cellular pool in the presence of nocodazole. This provedrapid depolymerization of microtubules on addition of
to be the case (Fig. 7). Within four to six hours afternocodazole and, no repolymerization occurred during
transfer to nocodazole-free hypertonic medium, BGT1long-term (24 hours) nocodazole treatment.
transport activity had increased to a level not signifi-In the preceding studies, nocodazole was applied to
cantly different from the level at 24 hours. In contrastthe cells at the time of switching to hypertonic medium.
and as shown previously [13, 21, 22], cells not previouslyWhen nocodazole (20 mmol/L) addition was delayed for
exposed to hypertonic stress did not exhibit the full adap-several hours after applying hypertonic stress, there was
tive response until at least 18 hours after switching tostill significant impairment of BGT1 up-regulation. For
hypertonic medium. Previous treatment with nocodazoleexample, only 60 to 65% of the full up-regulation occurred
under isotonic conditions did not alter the subsequentwhen nocodazole was added as late as 16 to 20 hours
after the start of hypertonic stress (Fig. 6). This is consis- full adaptive response to hypertonicity (Fig. 7), confirm-
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Fig. 8. Ion dependence of [3H]GABA uptake in membrane fractions
from MDCK cells. Ise, isethionate. Data are mean 6 SE of triplicate Fig. 9. Cycloheximide (CHX) blocked hypertonic up-regulation of
determinations with a single membrane preparation. BGT1 transport in MDCK membranes. Prior to fractionation, cells
were incubated for 24 hours in either isotonic or hypertonic growth
medium, and CHX was applied as described in the text. Data are
mean 6 SE from three experiments. NS, no significant difference (P .
0.05) in GABA uptake determined in NaCl uptake medium compareding the reversible action of nocodazole on microtubular with uptake when NaCl was replaced by KCl.
organization.
Because of closely similar responses of MDCK and
mIMCD-3 cells, the remaining studies were confined to
MDCK cells. Plasma membrane markers, both basolat- 24 hours (20 mmol/L pretreatment plus 1 mmol/L sus-
taining dose) completely blocked hypertonic up-regula-eral and apical, are well-established in the MDCK cell
[22], and the subsequent studies focused on the adaptive tion of BGT1 at the membrane level (Fig. 9), as in intact
cells (Fig. 2). There was no Na1-dependent GABA up-response of BGT1 at the membrane level. The purpose
was to determine whether BGT1 activity in the absence take in membranes isolated from cells that had been
subjected to hypertonic stress for 24 hours in the pres-of possible intracellular regulatory factors correlated
with the responses observed in intact cells. The mem- ence of cycloheximide. The overall uptake was similar
to that in cycloheximide-treated controls that were main-brane fraction from MDCK cells contained both apical
and basolateral plasma membranes, based on a 5.0- and tained in isotonic growth medium (Fig. 9).
The addition of nocodazole to MDCK cells at the same4.1-fold enrichment of alkaline phosphatase and Na,K-
ATPase, respectively, in the final membrane fraction time as the growth medium was made hypertonic (no
delay) was completely ineffective in blocking the up-compared with the initial cell homogenate. In contrast,
there was only a 1.1-fold increase in the activity of a-man- regulation of BGT1 activity in the membrane fraction
(Fig. 10), in contrast to nocodazole action on BGT1nosidase II, a Golgi marker [32, 33], in the membrane
fraction. It was important to recover both apical and transport determined in whole cells (Fig. 6).
The apparent discrepancy between whole cell data andbasolateral membranes since BGT1 is exclusively baso-
lateral under isotonic conditions, but some apical activity membrane data was investigated further by studying the
time course of BGT1 down-regulation when cells wereis induced during hypertonic stress [13]. BGT1 activity in
this membrane fraction was detected as Na1/Cl2-depen- returned to isotonic medium. BGT1 activity in MDCK
cells was down-regulated to the level in isotonic controlsdent GABA uptake (Fig. 8). Both Na1 and Cl2 ions
were required for optimal GABA uptake and only the when the cells were allowed to recover for 24 hours in
isotonic medium (Fig. 11A). In contrast, BGT1 activityNa1- and Cl2-dependent component was up-regulated
by hypertonic stress, confirming the characteristic prop- in the membrane fraction was not down-regulated after
24-hour recovery in isotonic medium. Up to 48 hours oferties of the BGT1 transporter [18]. GABA uptake de-
termined in the absence of either Na1 or Cl2 was not recovery was required for complete down-regulation of
BGT1 in the membrane fraction (Fig. 11B).different between isotonic and hypertonic groups (Fig. 8).
Treatment of MDCK cells with cycloheximide for Immunofluorescence studies were undertaken in
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Fig. 10. Action of nocodazole (NZ) on up-regulation of BGT1 trans-
port in MDCK membranes. Prior to fractionation, cells were incubated
for 24 hours in either isotonic (Iso) or hypertonic (Hyp) growth medium
in the presence or absence of 20 mmol/L NZ. Data for Na1/Cl2-depen-
dent GABA uptake are mean 6 SE from three experiments. *Uptake
was significantly different (P , 0.02) compared with uptake in the Iso
control group.
MDCK cells to determine why nocodazole appeared to
have no effect on BGT1 up-regulation at the membrane
level. An affinity-purified antibody to dog BGT1 was kindly
provided by Dr. Grazia Pietrini (University of Milan, Mi-
Fig. 11. Rate of down-regulation of BGT1 transport in MDCK cellslan, Italy). This antibody was used previously to demon- after 24 hours of hypertonic stress. The isotonic (Iso) controls were
strate basolateral membrane targeting of BGT1 in trans- maintained in isotonic growth medium throughout. (A) At time zero,
cells previously incubated in hypertonic (Hyp) medium for 24 hoursfected MDCK cells [16, 17]. In wild-type MDCK cells
were switched to isotonic medium, and Na1/Cl2-dependent GABAunder isotonic conditions, no fluorescence was observed uptake was determined at various times ranging from 0 to 24 hours.
to be associated with the plasma membrane (Fig. 12A) Data are mean 6 SE from three experiments. *Uptake was significantly
different (P , 0.05) from the uptake in the same group after 24 hoursas expected, based on the low level of BGT1 transport
of recovery. (B) BGT1 transport in membrane fractions obtained afterin isotonic MDCK cells [13]. Although cells tended to 24 and 48 hours of isotonic recovery following 24 hours of hypertonicity.
round up after the addition of nocodazole to the isotonic Data are mean 6 SE from three experiments. *Uptake in NaCl uptake
medium was significantly different (P , 0.02) from uptake when NaClmedium, no plasma membrane fluorescence was detected
was replaced by KCl.
(Fig. 12C). In marked contrast, there was pronounced
fluorescence associated with the plasma membrane fol-
lowing hypertonic stress for 24 hours (Fig. 12B). Optical
sections in the x-z plane (data not shown) revealed that
was most noticeable in the perinuclear region (Fig. 12D),the fluorescence was confined to the basolateral plasma
which likely includes the endoplasmic reticulum [17].membrane. No membrane fluorescence was detected
Some of the intracellular fluorescence may also be duewhen either the primary or secondary antibody was omit-
to BGT1 present in the Golgi, since this structure isted, strongly suggesting that the membrane-associated
dispersed into multiple fragments throughout the cell byfluorescence was due to specific interactions between
10 to 20 mmol/L nocodazole [34, 35]. These data confirmantibodies and the BGT1 protein. Hypertonic cells treated
that the abundance of BGT1 protein in the basolateralwith nocodazole showed no plasma membrane fluores-
cence. Instead, the fluorescence was intracellular and plasma membrane is up-regulated in response to hyper-
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Fig. 12. Effect of nocodazole (NZ) on BGT1
protein distribution in MDCK cells exposed
to either isotonic growth medium (A and C)
or hypertonic medium (B and D) for 24 hours.
Under isotonic conditions, there was no plasma
membrane fluorescence (A, arrow), and this
was not changed by the addition of 20 mmol/L
NZ (C, arrow). Following hypertonic stress,
there was marked plasma membrane fluores-
cence (B, arrow), but this was absent after
NZ treatment. Instead, the fluorescence was
intracellular, principally in the perinuclear re-
gion (D, arrow). Original magnification 31500
(A, B, and D) and 31000 (C).
tonic stress. However, in the absence of intact microtu- but key events may be the activation of the p38 kinase
pathway and the binding of a transcription factor (TonEbules, the newly synthesized BGT1 proteins remain in-
binding protein) to TonE [39]. This factor becomes moretracellular and are not inserted in the basolateral plasma
abundant and shifts into the nucleus in response to hy-membrane. The intracellular BGT1 proteins are likely to
pertonicity [40].be recovered in the membrane fraction from nocodazole-
Studies on the aldose reductase gene in PAP-HT25treated cells, since the preparative procedure does not
cells showed that the increase in aldose reductase mRNAdiscriminate between plasma membranes and intracellu-
during hypertonic stress was due primarily to increasedlar membranes. This may help explain why nocodazole
transcription rather than increased mRNA stability [11].appears to have no effect on up-regulation of BGT1 at
Increased transcription also played a key role in thethe membrane level (Fig. 10).
increase in BGT1 mRNA level in osmotically stressed
MDCK cells [21]. The events that follow transcription
DISCUSSION and accumulation of BGT1 mRNA are largely unknown.
Both MDCK cells [11] and mIMCD-3 cells [36] accu- Blockade of the hypertonic up-regulation of BGT1 activ-
mulate betaine in response to prolonged hypertonic stress. ity by cycloheximide (Fig. 2) indicates that de novo pro-
In MDCK cells, the increase in intracellular betaine is tein synthesis is required. A similar blockade of BGT1
due to increased transport into the cell through the activ- up-regulation by actinomycin D and cycloheximide has
ity of the BGT1 transporter [11–13]. The hypertonic up- been reported in chondrocytes [41]. These data strongly
regulation and recovery of BGT1 activity in mIMCD-3 suggest that the Vmax change in BGT1 transport in MDCK
cells (Fig. 1) suggest that increased transport plays an cells during hypertonic stress [21] is due to an increase
important role in betaine accumulation in these cells in the number of BGT1 transport proteins. The blockade
also. Exposure of renal cells to hypertonic solutions con- by colchicine and nocodazole (Figs. 3 and 4) is consistent
taining NaCl rapidly activates multiple families of mito- with a role for intact microtubules in trafficking newly
gen-activated protein kinases (MAPK), stimulates tran- synthesized proteins to the plasma membrane.
scription of genes responsible for accumulating organic The transport studies with isolated MDCK mem-
osmolytes, and enhances expression of molecular chap- branes indicate that BGT1 up-regulation involves an in-
erones [37]. Neither the MAPK cascade [38] nor protein trinsic change at the membrane level and is not due
tyrosine phosphorylation [39] appears to be involved simply to altered ion gradients in intact cells. Only the
Na1- and Cl2-coupled component of GABA uptake wasdirectly in transcriptional activation of the BGT1 gene,
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altered, indicating that there were no nonspecific changes APPENDIX
in membrane permeability during hypertonic stress. The Abbreviations used in this article are: BGT1, betaine/GABA trans-
porter; cAMP, cyclic adenosine monophosphate; GABA, g-aminobu-most likely explanation for the up-regulation is an in-
tyric acid; MAPK, mitogen-actived protein kinase; MDCK, Madin-crease in the number of BGT1 transport proteins since
Darby canine kidney; mTAP, mictotubule-associated proteins; TonE,
the membrane adaptation was blocked by pretreating tonicity-responsive enhancers.
cells with cycloheximide (Fig. 9). The membrane adapta-
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